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Recent findings have identified highly transcribed
genes as a source of genome instability; however,
the degree to which large-scale shifts in transcrip-
tional activity cause DNA damage was not known.
One example of a large-scale shift in transcriptional
activity occurs during development, when maternal
regulators are destroyed and zygotic genome activa-
tion (ZGA) occurs. Here, we show that ZGA triggers
widespread chromosome damage in the primordial
germ cells of the nematode C. elegans. We show
that ZGA-induced DNA damage activates a check-
point response, the damage is repaired by factors
required for inter-sister homologous recombination,
and topoisomerase II plays a role in generating the
damage. These findings identify ZGA as a source of
intrinsic genome instability in the germline and sug-
gest that genome destabilization may be a general
consequence of extreme shifts in cellular transcrip-
tional load.
INTRODUCTION
During early development in many animals, embryonic cells tran-
sition from periods of transcriptional quiescence to abrupt acti-
vation of RNA polymerase II (RNAPII)-dependent transcription
on a genome-wide level. This switch in transcriptional load is
termed zygotic genome activation (ZGA) and occurs at a devel-
opmental milestone known as the maternal-to-zygotic transition
(MZT) (reviewed in Tadros and Lipshitz, 2009; Lee et al., 2014).
Prior to the MZT, maternally provided proteins and RNAs drive
early embryonic cell division, and the zygotic contribution is min-
imal. At the MZT, maternal regulators are degraded, and zygotic
gene expression is first activated in earnest (Tadros and Lipshitz,
2009; Lee et al., 2014).
In the free-living soil nematode C. elegans, somatic and germ-
line ZGA are temporally separated. Somatic ZGA occurs early, at
the three- to four-cell stage of embryogenesis (Edgar et al., 1994;
Seydoux and Fire, 1994; Baugh et al., 2003). By contrast, zygoticgene expression in the germline is actively repressed during
early embryogenesis (Seydoux et al., 1996; Seydoux and
Dunn, 1997) via PIE-1-dependent inhibition of RNAPII stimula-
tory phosphorylation (reviewed in Wang and Seydoux, 2013).
Through this activity, PIE-1 prevents germline progenitor cells
from adopting a somatic fate (Mello et al., 1992). Cytological
analysis of the phosphorylation status of RNAPII has been
used to monitor RNAPII activity within the developing germline.
The monoclonal antibody H5 recognizes phospho-serine 2,
located within the repeat region of the RNAPII carboxyl-terminal
tail, and this modification correlates to the active and elongating
form of the enzyme (reviewed in Palancade and Bensaude,
2003). H5 reactivity is absent in the germline progenitor P lineage
(Seydoux andDunn, 1997). Around the 100-cell stage of embryo-
genesis, the P4 cell divides to form the two primordial germ cells
(PGCs), Z2 and Z3 (Z2/Z3). Shortly after their birth, PIE-1 is
degraded (Mello et al., 1996), and Z2/Z3 now contain H5-reac-
tive RNAPII (Seydoux and Dunn, 1997); however, the signal is
gone again by the 1.5-fold stage of embryogenesis (Schaner
et al., 2003). Furthermore, chromatin marks that typically corre-
spond to active transcription, such as H3K4me2, H3K4me3, and
H4K8ac, are present in P4 and then are abruptly erased upon
the birth of Z2/Z3 (Schaner et al., 2003). Z2/Z3 exit the cell cycle
after S phase and remain arrested at G2 through the completion
of embryogenesis.
H5-reactive RNAPII does not reappear in Z2/Z3 until after the
embryos hatch, and then only if nutrients are present (Figure 4A;
Furuhashi et al., 2010). After larval feeding, the H3K4me modifi-
cations also return (Schaner et al., 2003; Furuhashi et al., 2010),
and it thus appears that nutrients trigger a robust activation
of RNAPII transcription in Z2/Z3. Z2/Z3 then reenter the cell
cycle, progress through mitosis, and germline proliferation
commences. While recent studies have begun to unravel the
mechanism(s) for ZGA in many organisms (Tadros and Lipshitz,
2009; Lee et al., 2014), the consequences of such abrupt
switches in transcriptional load on genome integrity have not,
to our knowledge, been examined. In this work, we have exam-
ined the consequences of germline ZGA on genome integrity in
C. elegans. We find that, during ZGA, RNAPII transcription
causes genome destabilization in the Z2/Z3 PGCs. This, in
turn, triggers a checkpoint response that delays PGC division
until the damage is repaired. These results identify ZGA as a
source of intrinsic DNA damage in the developing germline.Developmental Cell 34, 85–95, July 6, 2015 ª2015 Elsevier Inc. 85
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Figure 1. Checkpoint Kinase CHK-1 Is
Activated and Controls the Timing of PGC
Cell-Cycle Reentry in Feeding L1s
(A) Wheel diagrams showing the distribution of
2-PGC, 3-PGC, and 4-PGC germlines as a function
of time after feeding. A minimum of 50 animals was
examined per time point. The data show that, upon
feeding, Z2 and Z3 reenter the cell cycle in an
asynchronous manner, as the cartoon depicts.
(B) Graph showing the percentage of L1s with three
or more PGCs, as a function of time after feeding,
for control and chk-1 RNAi animals. As explained in
the Experimental Procedures, two independent
data sets are shown to demonstrate the repro-
ducibility of trends within separate experiments.
(C) N2 L1s were fed for the indicated times and
then fixed and stained for P granules (green) and
P-CHK-1 (red). Representative images are shown.
(D) SS747 L1s were fed for the indicated times and
thenfixed andstained for P-CHK-1 andGFP-PGL-1
to mark PGCs. PGCs were then scored for the
presence of a P-CHK-1 signal. Thirty animals were
examined for each time point in each experiment.
See also Figure S1.RESULTS
Checkpoint Control of Cell-Cycle Reentry in the Z2/Z3
Primordial Germ Cells
Weare interested in the impact that ZGA has on genome integrity
and cell-cycle reentry in the Z2/Z3 PGCs. To better characterize
this system, we first determined the time required, after feeding,
for cell-cycle reentry. We utilized the SS747 strain expressing
a GFP-tagged form of PGL-1, a germ-cell-specific P-granule
component (Kawasaki et al., 1998), to count PGCs as a function
of time after feeding. Synchronized cultures of starved L1s were
plated on food (E. coli strain OP50), and samples were collected
every hour for PGC counts. After 4 hr, most of the larvae still con-
tained two PGCs, whereas a small percentage contained three
(Figure 1A). After 5 hr, the majority of the samples contained
three PGCs, and 2 hr after that, the majority contained four
PGCs. These data show that Z2/Z3 emerge from cell-cycle
quiescence in an asynchronous manner (Figure 1A, cartoon)
and that 4 to 5 hr of feeding is required for one of the two
PGCs to enter into and completemitosis. The nature of this asyn-
chrony is not understood, and for the purposes of our studies we
focused on events occurring as germlines transitioned from the
two-PGC to the three-PGC state.
In the course of investigating the role of the checkpoint kinase
CHK-1 in germline biology, we noticed that RNAi-mediated
depletion of chk-1 perturbed the timing of Z2/Z3 cell-cycle
reentry after feeding. We found that chk-1(RNAi) L1s reached
the three-PGC state 1 hr faster than their untreated counter-
parts (Figure 1B). We did not observe any gross defects in pri-
mordial gonad morphology, or Z2/Z3 DNA content, in starved
chk-1(RNAi) L1 larvae (Figures S1A andS1B), and thus it appears86 Developmental Cell 34, 85–95, July 6, 2015 ª2015 Elsevier Inc.that CHK-1 plays an important role in
coordinating the nutrient-dependent cell-
cycle reentry of PGCs after hatched L1s
have fed. To pursue this observation, weasked if CHK-1 is activated as a function of feeding in Z2/Z3,
by combining immunofluorescence (IF) microscopy with an anti-
body that recognizes the S344-phosphorylated and activated
form of the protein. As shown in Figures 1C and 1D, we detected
low levels of activated CHK-1 in starved L1s, but over time and
as a function of feeding, the activated form increased, peaked,
and then dissipated. On the basis of these data, we conclude
that CHK-1 is activated in Z2/Z3 after feeding and that it then
functions to control the timing of cell division as Z2/Z3 emerge
from cell-cycle arrest.
We note that activated CHK-1 localizes in a perinuclear
manner, overlapping with P granules, in these experiments. Peri-
nuclear localization of P-CHK-1 has been previously reported in
adult germ cells (Jaramillo-Lambert et al., 2010), and we have
also observed this localization pattern in embryonic germline
precursor cells (Figure S1C). Furthermore, the perinuclear distri-
bution of P-CHK-1 in Z2/Z3 is not observed in chk-1(RNAi) L1s
(Figure S1D), showing that this is the bona fide localization
pattern for the activated form of the protein.
DNA Damage Occurs prior to Cell-Cycle Reentry in the
Z2/Z3 PGCs
CHK-1 activation is a canonical response to either DNA damage
or replication stress. Because Z2/Z3 complete DNA replication
during early embryogenesis (Fukuyama et al., 2006), we focused
on the possibility that DNA damage activates CHK-1 in feeding
L1s. We stained L1s with an antibody against the DNA double-
strand break (DSB) repair factor RAD-51, which accumulates
in subnuclear foci at sites of DNA DSB repair in human cells
(Haaf et al., 1995; Raderschall et al., 1999) and in C. elegans
germ cells (Alpi et al., 2003; Martin et al., 2005; Hayashi et al.,
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Figure 2. RAD-51 Foci, Markers of DNA
DSBs, Form and Then Dissipate in
Feeding L1s
(A) SS747 L1s were fed for the indicated times and
then fixed and stained for GFP-PGL-1 (green) and
RAD-51 (red). Representative images are shown,
and the graph below shows the percentage of L1s
with RAD-51 foci present in Z2 and/or Z3 nuclei, as
a function of time after feeding. A minimum of 25
animals was examined per time point.
(B) Wheel diagrams showing the distribution of the
number of RAD-51 foci per Z2/Z3 nucleus as a
function of time after feeding. The average number
of foci counted per nucleus within the data set,
where n equals the number of nuclei analyzed per
time point, is shown below each wheel.
(C) SS747 L1s were optionally treated with IR and
then plated on food for the indicated times prior to
fixation and staining for RAD-51 foci. Represen-
tative images are shown, and quantification of the
data is provided below the images.
(D) N2 L1s were fed for the indicated time and then
fixed and stained for HSR-9 (white) and P granules
(green). HSR-9 staining was then analyzed in Z2/
Z3, and quantification of the data is shown below
the images.
See also Figure S2.2007; Smolikov et al., 2007; Mets andMeyer, 2009). RAD-51 foci
were readily detectable in Z2/Z3, but only as a function of feeding
(Figures 2A and 2B). RAD-51 foci began to accumulate at 1 hr
post-feeding, peaked at 3 hr post-feeding, and then dissipated
(Figure 2A). Quantification of foci during the peak period revealedDevelopmental Cell 34,that as many as 15 foci were found in a
given nucleus (Figure 2B) and that on
average we could detect9 foci/nucleus.
Thus, like activated CHK-1, RAD-51 foci
accumulate in Z2/Z3 after feeding and
then dissipate prior to cell division.
The paucity of RAD-51 foci in Z2/Z3
nuclei in starved L1s suggested that
DNA damage was occurring after L1s
feed and as they prepare for cell-cycle
reentry. Alternatively, L1s may not
possess the capacity to assemble RAD-
51 foci until after feeding, and thus foci
assembly may occur on preexisting sites
of damage. To distinguish between these
possibilities, we directly induced DNA
damage in starved and feeding L1s and
then monitored RAD-51 foci formation.
Samples were treated with 75 Gy of
ionizing radiation (IR), a commonly used
dosage for C. elegans that causes DNA
DSBs to form (Martin et al., 2005). As
shown in Figure 2C, IR exposure induced
robust RAD-51 foci formation in Z2/Z3,
even in starved animals. The ability of
starved L1s to form RAD-51 foci after IR
exposure demonstrates that starved L1s
are competent for foci assembly andstrongly suggests that the naturally occurring foci observed after
feeding represent new sites of damage that form in a nutrient-
dependent manner. Control experiments showed that RAD-51
foci formation after feeding is not specific to the SS747 strain
(Figure S2A), nor does it depend on a period of starvation prior85–95, July 6, 2015 ª2015 Elsevier Inc. 87
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Figure 3. PGC Division and RAD-51 Foci Dynamics in DNA DSB
Repair Mutants
(A) Graph depicting the percentage of L1s with three or more PGCs as a
function of time after feeding for the indicated strain. A minimum of 50 animals
was scored for each time point.
(B) Graph depicting the percentage of L1s with RAD-51 foci in Z2 and/or Z3
nuclei as a function of time after feeding for the indicated strain. A minimum of
20 animals was scored for each time point.to feeding (Figure S2B). Furthermore, we observed that HSR-9,
the C. elegans ortholog of the 53BP1 DNA damage response
protein, accumulates on Z2/Z3 chromatin with similar dynamics
as RAD-51 foci (Figure 2D). Previous work has shown that HSR-9
accumulates on chromatin specifically during a DNA damage
response (Ryu et al., 2013). On the basis of these data, we
conclude that Z2/Z3 experience DNA damage as a function of
nutrient-dependent cell-cycle reentry.
The data in Figures 1 and 2 show that as Z2/Z3 reenter the cell
cycle they experience DNA damage, and this activates CHK-1 to
delay progression into mitosis. It was of interest to determine
whether these events also occur in the soma. In starved L1s
that had been exposed to IR, RAD-51 foci were prominent in
Z2/Z3 but did not form in somatic cells (Figure 2C and data not
shown). This difference is likely due to differences in cell-cycle
position—Z2/Z3 are arrested at G2/prophase with 4N DNA,
whereas somatic cells are arrested at G1 with 2N DNA prior to
feeding (Hong et al., 1998; Fukuyama et al., 2003, 2006). Thus
any DSBs occurring in somatic, G1-blocked cells are likely to
be repaired by a RAD-51 independent pathway such as nonho-88 Developmental Cell 34, 85–95, July 6, 2015 ª2015 Elsevier Inc.mologous end joining, and this would explain the absence
of RAD-51 foci. After feeding, somatic cells progress into
S phase, where they are susceptible to replication-associated
DNA damage, which has been shown to produce RAD-51 foci
in C. elegans (Alpi et al., 2003; Ward et al., 2007, Wolters et al.,
2014). Because it is not possible to distinguish this form of dam-
age from the non-replicative DNA damage observed in Z2/Z3,
we focus on events occurring strictly in Z2/Z3 for the remainder
of this study.
In C. elegans germ cells, when DNA DSBs are repaired by
homologous recombination (HR), RAD-51 forms foci at sites of
recombination (Mets and Meyer, 2009). To gain evidence that
the RAD-51 foci observed in Z2/Z3 correspond to DSBs, we
examined RAD-51 foci dynamics in mutants known to be defi-
cient in HR-mediated DSB repair (reviewed in Lemmens and Tij-
sterman, 2011). BRC-1 is the worm ortholog of BRCA1, and in
C. elegans BRC-1 acts after RAD-51 filament assembly to pro-
mote inter-sister recombination (Polanowska et al., 2006;
Adamo et al., 2008). smc-5 and smc-6 encode components of
the structural maintenance of chromosomes 5/6 complex, and
like brc-1 mutants, smc-5 and smc-6 mutants show a persis-
tence of RAD-51 foci during meiotic DSB repair, due to a defi-
ciency in inter-sister HR (reviewed in Lemmens and Tijsterman,
2011). Because Z2/Z3 accumulate RAD-51 foci while in the 4N
DNA state, and therefore have a sister chromatid available to
template DSB repair, we reasoned that inter-sister HR is likely
to be the relevant pathway.
PGC division and RAD-51 foci dynamics were monitored in
wild-type and the DSB-repair-deficient mutants brc-1 and
smc-5. For this analysis, we looked at early time points after
feeding (3, 3.5, and 4 hr) and later time points (5.5, 6.5, and
7.5 hr). Relative to wild-type, both brc-1 and smc-5 mutants
were delayed for PGC division (Figure 3A). In the wild-type, all
samples had reached the three-PGC state by 5.5 hr, whereas
brc-1 mutants had yet to reach 50% three-PGC by 5.5 hr and
did not pass 70% three-PGC until 7.5 hr. The smc-5 mutants
were even more delayed, failing to reach 35% three-PGC even
after 7.5 hr of feeding.
When RAD-51 foci were analyzed, we found that foci ap-
peared with normal timing in brc-1 and smc-5 mutants (Fig-
ure 3B; compare SS747 to mutant strains at the early time
points); however, RAD-51 foci persisted for much longer in
the mutant strains relative to wild-type (Figure 3B; compare
SS747 to mutant strains at the late time points). Importantly,
we could still observe ample RAD-51 foci in Z2/Z3 of brc-1
and smc-5 mutants as late as 7.5 hr into the feeding time
course, at which time the wild-type had cleared all RAD-51
foci, and all germlines contained at least three PGCs. These
data show that both PGC division and clearance of RAD-51
foci are delayed in DSB repair mutant strains, which is consis-
tent with the notion that DNA DSBs form de novo in Z2/Z3 after
feeding and that prompt repair of the DSBs is necessary for
timely cell-cycle reentry.
Another gene involved in DSB repair in C. elegans is atm-1,
the ATM kinase ortholog. Previous work has shown that
atm-1 is not an essential gene, although atm-1 deletion strains
are germline mutators and display chromosome segregation
defects (Jones et al., 2012). The temporal profile of cell division
and RAD-51 foci assembly/disassembly in atm-1 mutants was
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Figure 4. RNAPII Activity Is Required for
RAD-51 Foci Assembly
(A) SS747 L1s were fed for the indicated times and
then fixed and stained with antibodies against
RNAPII pSer2 (H5, green) or GFP (red, to mark
GFP-tagged PGL-1). The samples were counter-
stained with DAPI to visualize the DNA. Repre-
sentative images are shown, and quantification of
the data is provided below the images. A minimum
of 25 samples was analyzed for each data point.
Z2 and Z3 were identified positionally for this
analysis.
(B) SS74 L1s were fed for the indicated times and
then stained for RNAPII pSer2 (H5, green), GFP
(white, to mark GFP-tagged PGL-1), and RAD-51
(red). Representative images are shown, and
quantification of the data is provided below the
images. We note that no H5/RAD-51+ samples
were observed in this analysis.
(C) SS747 L1s were optionally treated with
a-amanitin (10 mg/ml) for 24 hr prior to feeding.
Animals were then fed for the indicated time and
fixed and stained for RAD-51 foci. The percentage
of samples showing RAD-51 foci in Z2 or Z3 nuclei
is plotted. A minimum of 20 samples was analyzed
for each time point.
(D) SS747 animals were treated with control or taf-
10 RNAi, as described in the Supplemental
Experimental Procedures. Animals were then fed
for the indicated time and fixed and stained for
RAD-51 foci. The percentage of samples showing
RAD-51 foci in Z2 or Z3 nuclei is plotted. A mini-
mum of 25 samples was analyzed for each time
point.
(E) SS747 L1s were treated as in (C) and (D), as
indicated, and then exposed to 75 Gy of IR 1 hr
prior to feeding. Animals were then fed for the
indicated time and fixed and stained for RAD-51
foci. The percentage of samples showing RAD-51
foci in Z2 or Z3 nuclei is plotted. A minimum of 25
samples was analyzed for each time point.
(F) N2 L1s were optionally treated with 400 mg/ml
cycloheximide for 1 hr prior to feeding. Animals
were then optionally fed on plates containing
cycloheximide for the indicated time and fixed and
stained for RAD-51 foci. The percentage of sam-
ples showing RAD-51 foci in Z2 or Z3 nuclei is
plotted. A minimum of 25 samples was analyzed
for each time point.very similar to that observed for brc-1 and smc-5 mutants; both
cell division and foci disassembly were severely delayed
(Figures 3A and 3B). These observations link ATM signaling
to efficient repair of Z2/Z3 DNA damage. On the basis of the
mutational analysis shown in Figure 3, we conclude that DNA
damage occurs in Z2/Z3 during cell-cycle reentry and that
repair of the damage requires factors that are known to func-
tion in inter-sister HR-mediated repair of DSBs. It thus appears
likely that DSBs are forming in Z2/Z3 during cell-cycle reentry;
however, in the absence of a direct marker for DSBs, we
cannot be sure. In addition, we conclude that ATM-1 plays a
central role in mediating timely repair of the damage and that
the inability to do so in atm-1 mutants may supply a basis for
the heritable mutator phenotype that has been previously re-
ported (Jones et al., 2012).RNA Polymerase II Transcription Is Required for
Chromosome Damage to Form in Z2/Z3
We next addressed the source of the DNA damage that forms
in Z2/Z3 after feeding. A major chromosomal transaction that
occurs in L1s after feeding is the onset of RNAPII transcription
(Baugh et al., 2009). The RNAPII activity state can be monitored
with the H5 monoclonal antibody (see Introduction). As shown in
Figure 4A, H5-reactive RNAPII was not detected in starved L1s
and then appeared after feeding. If we define ZGA as the onset
of H5-reactive RNAPII, then our data show that this occurs
very soon after feeding, and by 1.5 hr post-feeding the majority
of the animals had undergone ZGA. Importantly, double-labeling
analysis for H5 and RAD-51 foci revealed that, after 1 hr of
feeding, 22 of 25 Z2/Z3 nuclei showed an H5 signal, but only
9 of 25 also showed RAD-51 foci (Figure 4B). As time increasedDevelopmental Cell 34, 85–95, July 6, 2015 ª2015 Elsevier Inc. 89
post-feeding, the majority of Z2/Z3 nuclei showed both markers.
These data show that ZGA precedes the appearance of RAD-
51 foci and suggest that ZGA may trigger genome instability
in Z2/Z3.
To pursue this possibility further, we next asked if inhibiting
RNAPII would suppress RAD-51 foci appearance, as would
be predicted if ZGA is generating DNA damage. We used
the RNAPII inhibitor a-amanitin at 10 mg/ml to block RNAPII
activity. Previous studies have shown for C. elegans that this
concentration will effectively inhibit RNAPII, will partially inhibit
RNAPIII (75% initial activity), and will not inhibit RNAPI (Sanford
et al., 1983). Relative to vehicle-treated controls, a-amanitin
suppressed the appearance of RAD-51 foci (Figure 4C). To
confirm these observations, we used an alternative method to
inhibit RNAPII. TAF-10, a component of the RNAPII activator
TFIID, is required for transcription in C. elegans (Walker et al.,
2001). RNAi-mediated inactivation of taf-10 gave similar results
as a-amanitin treatment: RAD-51 foci were suppressed (Fig-
ure 4D). It was possible that RNAPII activity is required for
RAD-51 foci to assemble on sites of damage, and to test this
we irradiated control or a-amanitin-treated L1s and scored for
RAD-51 foci formation. As shown in Figure 4E, a-amanitin did
not suppress Z2/Z3 RAD-51 foci assembly in irradiated ani-
mals, and RAD-51 foci also formed in Z2/Z3 in irradiated taf-
10(RNAi) L1s, demonstrating that RNAPII transcription is
dispensable for the assembly of RAD-51 foci on exogenously
induced DSBs. These data suggest that mRNA transcription
is required for nutrient-dependent RAD-51 foci to form in Z2/
Z3. To see if mRNA translation is also required, we treated
starved L1s with an acute dose of cycloheximide, which previ-
ous studies have shown to block translation within minutes
in C. elegans (Szewczyk et al., 2002; Kourtis and Tavernarakis,
2009). Unlike a-amanitin, cycloheximide treatment did not sup-
press RAD-51 foci appearance (Figure 4F), suggesting that
gene transcription and not gene expression is required for
DNA damage to form in Z2/Z3 after feeding. Furthermore, we
analyzed RAD-51 foci in a strain harboring a temperature-sen-
sitive allele of the basal splicing factor U2AF (uaf-1 n4588). At
the nonpermissive temperature, we observed that RAD-51
foci readily formed after feeding (data not shown), showing
that pre-mRNA splicing is dispensable for nutrient-dependent
DNA damage to form in Z2/Z3.
Nutrient-Dependent DNA Damage Is Specific to
Autosomes Unless Transcription Is Artificially Induced
on the X Chromosome
The results in Figure 4 show that RNAPII activity is required for
nutrient-dependent DNA damage to form in Z2/Z3 nuclei. We
note that RNAPII activity is also required for PGC division (data
not shown). It was, therefore, possible that RNAPII activity
does not directly induce the damage but rather advances the
PGCs to a position in the cell cycle where damage is allowed
to occur. To gain more evidence that RNAPII activity directly in-
duces genome instability during ZGA, we took advantage of the
fact that the X chromosome is largely transcriptionally silent in
the C. elegans germline (Reinke et al., 2000; Kelly et al., 2002;
Fong et al., 2002). If RNAPII activity causes DNA damage in
Z2/Z3, we reasoned, then damage should form predominantly
on the autosomes, and not on the X. To test this hypothesis we90 Developmental Cell 34, 85–95, July 6, 2015 ª2015 Elsevier Inc.required chromosome markers that distinguish the X from auto-
somes. HTZ-1 is a histone H2A.Z ortholog that is incorporated
specifically into autosome chromatin and is absent from the
X in C. elegans germ cells (Petty et al., 2009). HIM-8 binds spe-
cifically to the X chromosome pairing center and, duringmeiosis,
functions to allow X:X pairing at synapsis (Phillips et al., 2005).
Costaining with antibodies against HTZ-1 and HIM-8 showed
the expected pattern in Z2/Z3: HTZ-1 signal overlapped with
much of the DAPI-stained chromatin, except chromatin that con-
tained a HIM-8 signal (Figure 5A). We next costained L1 larvae
that had fed for 3 hr with antibodies against HTZ-1 and RAD-
51 and scored the samples for RAD-51 foci that overlapped
with HTZ-1 signal (damage on the autosomes) or RAD-51 foci
that did not overlap with HTZ-1 signal (damage on the X). An
example of this analysis is shown in Figure 5B. We scored 100
nuclei and found that in 98% of the nuclei RAD-51 foci were
located exclusively on autosomes, as assessed by an overlap
with HTZ-1 signal. These data reveal a strong preference for
chromosomal damage on autosomes, relative to the transcrip-
tionally quiescent X.
The data in Figure 5A suggest that transcriptional activity is a
prerequisite for the DNA damage that occurs during ZGA in Z2/
Z3. To explore this possibility further, we next analyzed RAD-51
foci dynamics in animals depleted of the germline transcriptional
regulatormes-4. MES-4 is a histonemethyltransferase that posi-
tively regulates germline gene expression and also negatively
regulates X-linked transcription in C. elegans germ cells. Previ-
ous work has also shown that loss of mes-4 results in upregula-
tion of X-linked genes and misregulation of autosomal genes in
germ cells (Bender et al., 2006, Rechtsteiner et al., 2010).
When RAD-51 foci were examined in mes-4(RNAi) L1s we
observed a modest yet reproducible decrease in foci formation,
relative to control samples (Figure 5C). Thus, alteration of RNAPII
transcription aftermes-4 depletion leads to an alteration in RAD-
51 foci formation.
We next asked if RNAPII transcription is activated on the
X chromosomes in mes-4(RNAi) L1s. L1s that had fed for 3 hr
were fixed and costained for H5, to localize active RNAPII,
and HIM-8, to identify the X chromosome. We used the HIM-8
marker in this experiment because we found that HTZ-1 is no
longer specific for autosomes after mes-4 RNAi (data not
shown). As shown in Figure 5D, H5 signal was found to overlap
with the X chromosome, specifically in mes-4(RNAi) samples,
showing that loss of MES-4 causes X-linked gene expression
in Z2/Z3. If the DNA damage that we observe in Z2/Z3 is the
result of transcriptional activity, then we would expect RAD-
51 foci to form on the X chromosome in mes-4(RNAi) L1s. To
examine this, we utilized the chromatin protein XND-1 as a
marker to distinguish the X from autosomes. XND-1 binds spe-
cifically to autosomes in C. elegans germ cells (Wagner et al.,
2010). Importantly, XND-1 remains autosome-specific even
when X chromosome silencing is disrupted (Wagner et al.,
2010), and indeed we observed by HIM-8/XND-1 costain that
XND-1 was absent from the X even aftermes-4 RNAi (Figure 5E).
We next examined either control or mes-4(RNAi) L1s that had
been fed for 3 hr for RAD-51 foci. As shown in Figure 5F,
mes-4 RNAi caused a significant increase in the number of
nuclei showing RAD-51 foci on the X chromosome (2% in
control samples and 29% in mes-4(RNAi) samples). These
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Figure 5. RAD-51 Foci Are Absent from the
X Chromosome Unless Transcription Is
Activated on the X Chromosome
(A) SS747 L1swere plated on food for 3 hr and then
fixed and stained for HIM-8 (red) and HTZ-1
(white). The HIM-8 focus marks the X chromo-
some, which is devoid of HTZ-1 signal.
(B) SS747 L1swere plated on food for 3 hr and then
fixed and stained for RAD-51 and HTZ-1. A
representative image is shown, and quantification
of the occurrence of a RAD-51 focus on the
X chromosome is shown below.
(C) SS747 control or mes-4(RNAi) L1s were plated
on food and then fixed and stained for RAD-51 foci.
The graph depicts the percentage of L1s with RAD-
51 foci in Z2 and/or Z3 nuclei as a function of time
after feeding for the indicated condition. A mini-
mum of 25 samples was scored for each time
point.
(D) SS747 control or mes-4(RNAi) L1s were plated
on food for 3 hr and then fixed and stained for
HIM-8 (red) and RNAPII pSer2 (H5, green).
Representative images are shown and indicate
that loss of mes-4 allows accumulation of active
RNAPII on the X chromosome.
(E) SS747 control or mes-4(RNAi) L1s were plated
on food for 3 hr and then fixed and stained for
HIM-8 (red) and XND-1 (green). Representative
images are shown and indicate that XND-1
remains specifically bound to autosomes after loss
of mes-4.
(F) SS747 control or mes-4(RNAi) L1s were plated
on food for 3 hr and then fixed and stained for
XND-1 (white) and RAD-51 (red). Representative
images are shown. We used lack of XND-1 signal
to identify the X chromosomes and scored 100
nuclei for the presence of RAD-51 foci on the X.
The difference between control and mes-4(RNAi)
samples is highly significant; p value was deter-
mined by the binomial test.data thus provide direct evidence that activation of transcrip-
tion triggers DNA damage on the X chromosome and thereby
demonstrate that transcription is an immediate cause of
genome instability during ZGA.
TOP-2 Facilitates RAD-51 Foci Formation and Controls
the Timing of Z2/Z3 Division
The data presented thus far show that induction of RNAPII tran-
scription during ZGA triggers DNA damage and checkpoint acti-
vation in the Z2/Z3 PGCs. In a final set of experiments, we sought
to identify an enzymatic activity responsible for inducing the
damage. We first examined spo-11 mutants and found that
RAD-51 foci formed in a nutrient-dependent manner in Z2/Z3
(data not shown). We next examined the possibility that TOP-2
was involved. TOP-2 is a C. elegans ortholog of topoisomerase
II (topoII). Previous work has assigned a variety of functions to
topoII during RNAPII transcription, including the relief of torsional
stress at highly transcribed genes, the release of paused RNAPII
fromgene promoters, gene looping, the transcription of very long
genes, and direct induction of DSBs at gene promoters to facil-
itate gene expression (reviewed in Haffner et al., 2011; Teves and
Henikoff, 2014).To explore a role for TOP-2 in Z2/Z3, we used mild RNAi to
deplete top-2 mRNA levels. Strong RNAi, where P0 animals are
fed E. coli expressing dsRNA against top-2 for 24 hr, caused
100% embryonic lethality (data not shown), as expected given
that topoII is generally required for cellular proliferation. When
the time that P0 animals were fed top-2 RNAi food was limited
to 9 hr, however, we found that the F1 embryonic lethality pheno-
type was 90% penetrant, and thus we could analyze escapers
that, while still depleted of TOP-2, had nonetheless completed
embryogenesis. As shown in Figure 6A, RNAi-mediated deple-
tion of top-2 dramatically reduced the time required for first
PGC division, in a manner analogous to chk-1 RNAi (see Fig-
ure 1B). Furthermore, top-2 RNAi also suppressed the appear-
ance of RAD-51 foci after feeding (Figure 6B). These results
suggest that, after TOP-2 depletion, DNA damage does not
readily form, and as a consequence progression to mitosis is
accelerated because the time required for DNA repair is signifi-
cantly reduced. It was also possible that TOP-2 is not required
to induce the DNA damage but rather reveals the presence of
damage to repair factors. To test this, we treated control or
top-2(RNAi) L1s with IR, to directly induce DSBs, and then moni-
tored PGC counts and RAD-51 foci as a function of time. AsDevelopmental Cell 34, 85–95, July 6, 2015 ª2015 Elsevier Inc. 91
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Figure 6. Loss of TOP-2 Accelerates PGC
Division and Suppresses RAD-51 Foci
Formation
(A) Graph showing the percentage of L1s with
three or more PGCs, as a function of time after
feeding, for control and top-2 RNAi animals. A
minimum of 77 samples was sored for each time
point.
(B) SS747 control or top-2 RNAi L1s were plated
on food and then fixed and stained for RAD-51
foci. The graph depicts the percentage of L1s with
RAD-51 foci in Z2 and/or Z3 nuclei as a function of
time after feeding for the indicated condition.
(C) SS747 control or top-2(RNAi) L1s were
optionally treated with 75 Gy of IR and then plated
on food for the indicated times. Graph shows the
percentage of L1s with three or more PGCs, as
a function of time after feeding, for the given
condition.
(D) SS747 control or top-2(RNAi) L1s were treated
with 75 Gy of IR and then plated on food for the
indicated times. Graph shows the percentage of
L1s with RAD-51 foci in Z2 and/or Z3 nuclei as a
function of time after feeding.
See also Figure S3.shown in Figure 6C, top-2 RNAi accelerated cell division in unir-
radiated samples, as expected, but not in irradiated samples,
where cell division was blocked. This result shows that TOP-2
depletion does not override a checkpoint response to DSBs.
We also observed that RAD-51 foci formed readily in top-2
RNAi samples after irradiation (Figure 6D), demonstrating that
TOP-2 activity is not required for RAD-51 foci to form on exoge-
nously induced DSBs.
Taken together, our data show that RNAPII activity and TOP-2
are both required for the appearance of DNA damage during Z2/
Z3 cell-cycle reentry. One explanation for this result is that the
requirement for RNAPII activity is limited to top-2 gene expres-
sion after feeding. This is not the case, however, as animals
harboring a homozygous null mutation in the top-2 gene still
produced nutrient-dependent RAD-51 foci (Figure S3), showing
that maternally provided TOP-2 is sufficient to allow DNA
damage after feeding and that zygotic top-2 gene expression
is not required. In summary, we have found that loss of TOP-2
suppresses nutrient-dependent RAD-51 foci and hastens PGC
division, that TOP-2 is dispensable for RAD-51 foci to form on
IR-induced DSB, that loss of TOP-2 does not override a DSB-
induced delay in cell division, and that maternally supplied
TOP-2 is sufficient to induce DNA damage. We suggest that
TOP-2 collaborates with activated RNAPII to trigger genome
instability during germline ZGA.
DISCUSSION
Figure 7 displays a model that summarizes our findings. Time
course analysis revealed that ZGA occurs within 1 hr after
feeding (Figure 4A). Shortly after ZGA, RAD-51 foci appear in
Z2/Z3 nuclei, and they persist for 1 hr (Figures 2A–2C). At
this time, CHK-1 is activated (Figures 1C and 1D). Both RAD-92 Developmental Cell 34, 85–95, July 6, 2015 ª2015 Elsevier Inc.51 foci and P-CHK-1 then disappear, and 1 hr after their
disappearance either Z2 or Z3 will have progressed through
mitosis to complete the first PGC division. These data thus
describe a nutrient-dependent DNA damage-and-repair cycle
that occurs during PGC cell-cycle reentry.
Nutrients Trigger Genome Instability in the Z2/Z3 PGCs
A major conclusion from our study is that nutrients trigger
genome instability in the Z2/Z3 PGCs. We base this conclu-
sion on several observations. First, RAD-51 foci, well-estab-
lished hallmarks of ongoing sites of DNA repair appear and
then disappear in Z2/Z3 after feeding (Figure 2). Second, the
53BP1 ortholog HSR-9 is recruited to chromatin after feeding
with similar timing as RAD-51 foci (Figure 2D). Third, CHK-1, a
well-known responder to DNA damage, is activated, with
equivalent timing as RAD-51 foci (Figures 1C and 1D). Fourth,
loss of CHK-1 activity reduces the time required for first Z2/Z3
division (Figure 1B), consistent with DNA damage causing
a checkpoint-dependent delay in mitotic entry in wild-type
animals (Figure 7). Fifth, the dynamics of RAD-51 foci disas-
sembly, and the time required for first PGC division, are
noticeably delayed in mutants deficient for inter-sister HR
repair of DSBs (Figure 3). These data show that DNA damage
arises in Z2/Z3, from an endogenous source, and is then re-
paired prior to cell division. Although the nature of the damage
has not yet been defined, we propose that it corresponds to
DNA DSBs (Figure 7). If so, then the scale of DNA DSBs that
form in Z2/Z3 after feeding is of interest. We have counted
as many as 15 RAD-51 foci within a single nucleus, and this
is not likely to be the upper limit given the dynamic nature of
these foci. Previous work in C. elegans meiosis has suggested
that a single RAD-51 focus corresponds to one DSB (Mets and
Meyer, 2009), and thus the scale of genome instability during
Figure 7. A ZGA-Triggered DNA Damage-
and-Repair Cycle during PGC Cell-Cycle
Reentry
Please see Discussion for details.Z2/Z3 cell-cycle reentry may be, at a lower limit, tens of DSBs
per nucleus.
ZGA Triggers Genome Instability in Z2/Z3
To understand the source of the damaged DNA that arises
in Z2/Z3 during cell-cycle reentry, we hypothesized that the
onset of RNAPII transcription was responsible. Consistent
with this hypothesis, we observed that inhibiting RNAPII, using
either chemical or genetic means, caused a dramatic reduc-
tion in RAD-51 foci, whereas inhibition of splicing or translation
did not (Figure 4). We also found that RAD-51 foci do not
readily form on the transcriptionally quiescent X chromosomes
and that activating transcription on the X triggers the assem-
bly of RAD-51 foci on the X chromosome (Figure 5). Taken
together, these data directly link RNAPII activity with DSB
formation.
Important questions raised by our studies include how chro-
mosomal damage is coupled to gene expression during germline
ZGA, and why evolution would allow such widespread germline
DNA damage, given that inefficient repair could give rise to her-
itable mutations. Whole-animal analysis of gene expression in
starved L1s revealed that RNAPII is prebound to the promoters
of growth and development genes (Baugh et al., 2009). This is
likely to be true in Z2/Z3, as previous work has shown that
RNAPII associates with autosomal chromatin, but not with the
X chromosomes, in transcriptionally quiescent late embryos
(Furuhashi et al., 2010). It thus appears that RNAPII recruitment
to promoters occurs prior to genome destabilization. If so, then
perhaps DSBs allow efficient RNAPII elongation, and this may
be particularly important for transcription of very long genes
(King et al., 2013). We note that a-amanitin inhibits RNAPII elon-
gation, and it also suppresses DSB formation (Figure 4C). This
finding suggests that RNAPII elongation may trigger DSBs to
allow either promoter escape or efficient elongation. Another
possibility is that R loops are formed during ZGA, as a robust in-
duction of RNAPII transcription could overwhelm topoisomerase
I activity and allow negative supercoiling to unwind the duplex
DNA behind the transcription bubble. It is unclear, in this sce-
nario, why topoII depletion would reduce the amount of RAD-
51 foci observed, and thus we do not favor this possibility.Developmental Cell 34,Further work is necessary to understand
the molecular basis for transcription-
induced DNA damage during germline
ZGA, and such experiments are now in
progress.
ZGA and Checkpoint Activation in
Drosophila
While our work was under review, a
study appeared showing that ZGA-
based transcriptional activity triggers
an ATR- and Chk1-dependent checkpoint
at the midblastula transition in Drosophilaembryos (Blythe and Wieschaus, 2015). This study showed that
RNAPII recruitment caused accumulation of the single-stranded
DNA binding protein replication protein A (RPA) at activated
promoters and that a reduction in transcriptional activity partially
bypassed the requirement for the ATR-Chk1 pathway in the
proper timing of interphase. A model was presented whereby
ZGA-based induction of transcriptional activity caused DNA
replication forks to stall at actively transcribed regions of the
genome and that fork stalling is in fact the trigger for checkpoint
activation at the midblastula transition (MBT). We have shown
here in C. elegans that ZGA-based transcriptional activity
generates DNA damage, in a replication-independent manner,
to trigger checkpoint activation during Z2/Z3 cell-cycle reentry.
We consider it possible that the same replication-independent
mechanism may also be in play at the MBT in fly embryos. We
note that RPA readily accumulates at sites of DSBs, and thus if
the RPA accumulation noted by Blythe and Wieschaus was
due to DSB formation at activated promoters, then this model
would also be consistent with the data shown in their recent
paper. Clearly, more work is needed to determine whether
checkpoint activation in the fly embryo and worm germline are
mechanistically similar or distinct; however, the available data
do suggest the intriguing possibility that ZGA-induced genome
destabilization and checkpoint activation are general conse-
quences when cells transition from low to high transcriptional
load in a brief amount of time.
EXPERIMENTAL PROCEDURES
For a full explanation of the experimental protocols, see the Supplemental
Experimental Procedures.
Strains
Standard culture techniques were employed to maintain strains on nematode
growth media (NGM) plates seeded with E. coli OP50. Strains utilized in this
work were the wild-type strain (Bristol N2), SS747 bnIs1[pie-1::GFP::pgl-1 +
unc-119(+)]; DW102 brc-1(tm1145) III, YE57 smc-5(ok2421)/mIn1 [mIs14
dpy-10(e128)] II, and VC381 atm-1(gk186) I.
Data Analysis and Presentation of Time Course Experiments
For time course experiments, such as PGCdivision or accumulation of RAD-51
foci, we found that day-to-day variation in the timing of these events rendered85–95, July 6, 2015 ª2015 Elsevier Inc. 93
standard statistical analysis of replicate data sets impractical. Therefore, to
show that trends within individual experiments are reproducible, we present
two independently derived data sets for a given experiment.
Antibodies and Dilutions
P-granules: mouse Mab K76, from the Developmental Studies Hybridoma
Bank, was used neat. LIN-26: rabbit polyclonal antibody, a kind gift of M.
Labouesse, was used at 1:1,000. RNAPII pSer2: mouse Mab H5, from
Covance, was used at 1:50. P-CHK-1: rabbit antibody #2348, from Cell
Signaling Technology, was used at 1:50. GFP: mouse Mab #3580, from
EMD Millipore, was used at 1:500. RAD-51: rabbit antibody #2948.00.02,
from SDIX, was used at 1:10,000. HTZ-1: rat antibody, a kind gift of
G. Csankovszki (University of Michigan), was used at 1:250. HIM-8: rat
antibody, a kind gift of A. Dernburg (U.C. Berkeley), was used at 1:500.
HSR-9: rat antibody, a kind gift of H.-S. Koo (Yonsei University), was
used at 1:50. XND-1: guinea pig antibody, a kind gift of J. Yanowitz (Univer-
sity of Pittsburgh), was used at 1:50.
Immunofluorescence Procedure for P-CHK-1
In P-CHK-1 staining, worms were washed with water three times and then
placed on a poly-L-lysine slide, and a coverslip was placed on top. Freeze-
cracking method was used to permealize the samples: slides were frozen
on dry ice for 10 min after which the coverslips were flicked off. The slides
were immediately immersed in cold (20C) methanol for 10 min. Slides
were rinsed three times for 10 min in Tris-buffered saline (TBS) containing
0.1% Tween-20 (TBST) and then blocked for 1–2 hr with TNB (100 mM
Tris [pH 7.5], 200 mM NaCl, 1% BSA) plus normal goat serum (TNB+NGS;
9 parts TNB + 1 part NGS) in a humidified chamber at room temperature.
Blocking solution was removed with a Kimwipe, and primary antibody
against P-CHK-1 (S345) was applied directly to the slide at 1:50 dilution
in TNB+NGS. Slides were incubated overnight at 4C in a humidified cham-
ber and then rinsed three times for 10 min in TBS. Alexa Fluor 555 goat anti-
rabbit IgG secondary antibody was used at 1:200 dilution in TNB+NGS and
incubated on the slides for 2 hr in the humidified chamber in the dark at
room temperature. Slides were washed three times for 10 min in TBS and
counter-stained for DNA in mounting solution with DAPI (SlowFade Gold
Antifade reagent, Life Technologies), and the coverslip was sealed. RAD-
51 staining and the additional staining method developed are described
in the Supplemental Experimental Procedures.
Imaging
All samples were analyzed, and images were captured using an Olympus
Fluoview FV1000 confocal microscope. No further processing of images
was performed after initial capture.
Gamma Irradiation
L1s were exposed to 75 Grays (Gy) of gamma irradiation using a Precision
X-RAD iR160 X-ray source.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and three figures and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2015.04.019.
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